Abstract Invasive alien species (IAS) coupled with climate change have been referred to as a ''deadly duo''. Until recently research on invasion biology has centred mainly on alien plants and vertebrates, despite the numerical dominance of alien arthropods. Arthropods are the largest group of IAS worldwide and many can play a beneficial role, particularly in controlling insect and mite pests. Indeed, 1590 terrestrial arthropod species have been identified as alien to Europe but only a fraction has been shown to cause either an ecological or economical impact, yet knowledge is severely limited by a paucity of data. The IOBC/WPRS Working Group ''Benefits and Risks of Exotic Biological Control Agents'' developed the theme of this special issue to begin to address the limitations in understanding of this important research area. It represents a timely synthesis of current ecological knowledge and research on alien arthropod predators and parasitoids.
Introduction
The Millennium Ecosystem Assessment (2005) designated invasive alien species, alongside climate change, habitat destruction, pollution and overexploitation, as one of the main causes of global biodiversity loss. More recently, invasive alien species (IAS), coupled with climate change were referred to as a ''deadly duo'' at the Nagoya Biodiversity Summit (2010) . Sarah Simons, Executive Director of the Global Invasive Species Programme (GISP) stated that ''The dangers posed by this 'deadly duo' cannot be overestimated. Each driver poses an enormous threat to biodiversity and human livelihoods but now, evidence is rapidly emerging which shows that climate change is compounding the already devastating effects of invasive species, resulting in a downward spiral with increasingly dire consequences.'' Alien (or non-native, non-indigenous, foreign, exotic, introduced) species are defined by the Convention on Biological Diversity (CBD: http://www. cbd.int) as ''a species, subspecies or lower taxon (such as a variety, race, provenance or stock), introduced outside its natural past or present distribution, which includes any part, gametes, seeds, eggs, or propagules of such species that might survive and subsequently reproduce'' (COP 6, decision VI/23) and invasive alien species (IAS) as ''an alien species whose introduction and/or spread threaten biological diversity'' (COP 6, decision VI/23). Throughout this special issue we align to these definitions but extend the concept of an IAS to include threats to society and the economy. Additionally, we acknowledge that the threat IAS pose to biological diversity has far-reaching consequences, including impacts to ecosystem processes.
Alien species, and particularly the subset that are considered invasive, have received increasing attention in recent years. This has been, in part, a response to the dramatic increase in the number of alien species arriving in countries over the last 100 years. There are a number of international agreements which recognise the negative effects of IAS and reflect the growing concerns of many people. For example, European countries now have obligations in relation to alien species and must: ''strictly control the introduction of non-indigenous species'' (Bern Convention on the Conservation of European Wildlife & Natural Habitats) and ''eradicate those alien species which threaten ecosystems, habitats or species'' (UN Convention on Biological Diversity). Many countries across Europe have developed strategies in relation to IAS and there is a move to consider these through a unified European-wide approach.
The Guiding Principles of the CBD advocate a three-tiered approach (prevention, eradication and control) which is widely adopted across the globe. It is recognised that an important first step in developing a strategy for addressing the problems posed by IAS is to document the alien species already present in countries, as well as those likely to arrive (perhaps because they have been introduced into a neighbouring country). DAISIE (Delivering Alien Invasive Species Inventory for Europe), a scientific project funded by the European Commission, allows users to search for information on the 10,961 alien species currently recorded in Europe, and highlights those alien species that are of greatest concern in Europe through a list called ''100 of the worst'' (http://www.europe-aliens.org). A web-based platform GISD (Global Invasive Species Database) provides an opportunity to link information sources on alien species globally. Such information forms the basis on which to develop risk assessments to underpin appropriate action for the most ecologically and economically costly IAS.
From biological control to invasion
The issues relating to IAS have an alternative context when considering biological control practices developed for use in agricultural ecosystems. First of all, such agroecosystems are usually highly simplified environments, with temporal and spatial heterogeneity in which accidentally introduced IAS can easily spread and rapidly become noxious pests. Furthermore, releasing a natural enemy (such as a predator or parasite) for the classical biological control of such pests can be viewed as a desirable biological invasion because in such a case there are, hopefully, some beneficial outcomes. Hence, an invasion biology approach is relevant to improve the efficacy of biological control programmes, for example to estimate accurately the probability of success or failure of an exotic (=alien) natural enemy for the control of an alien pest.
Alien arthropod predators and parasites provide a unique group of organisms for exploring themes in invasion biology. Arthropods are the largest group of IAS worldwide and many can play a beneficial role, particularly in controlling insect and mite pests (Engelkes and Mills 2011) . Up to now, research on invasion biology has centred mainly on alien plants and vertebrates, despite the numerical dominance of alien arthropods (Kenis and Branco 2010) . Indeed, 1590 terrestrial arthropod species have been identified as alien to Europe. Of these, 513 are predators or parasites (Roy et al. 2011b) . Only a fraction of alien predatory and parasitic arthropods in Europe have been shown to cause either an ecological or economical impact, yet knowledge is severely limited by a paucity of data. The IOBC/WPRS Working Group ''Benefits and Risks of Exotic Biological Control Agents'' developed the theme of this book, which is a special issue of BioControl, to begin to address the limitations in understanding of this important research area. It represents a timely synthesis of current ecological knowledge and research on alien arthropod predators and parasitoids.
Determining invasion success
Arguments developed in the first paper highlight the importance of different factors influencing the success of an IAS at successive stages of the invasion process (Engelkes and Mills 2011) . The attributes of successful IAS have indeed long been investigated and debated in an attempt to predict the likelihood of a given species becoming an IAS. For example, anthropogenic factors are extremely important in the arrival stage, whereas abiotic and biotic factors, particularly propagule pressure, determine success in the establishment phase. It is still extremely difficult to predict the outcome of invasion by an alien species because of the lack of data (Roy et al. 2011b ), but consideration of multitrophic interactions should be a research priority (Engelkes and Mills 2011) . Evans et al. (2011a) expand upon the importance of anthropogenic factors and particularly human-mediated environmental change. A landscape approach is particularly pertinent for species which by definition spread extensively. The complex and dynamic interactions between climatic and landscape factors can appear bewildering, but the ecological, economical and societal consequences of IAS necessitate detailed consideration of the ecology of invasions. Molecular tools will undoubtedly make a major contribution to unravelling such complex interactions, and this is the topic of the next paper . Historically, molecular techniques have been used to explore fundamental aspects of the invasion process, including determining the origin of source populations and the genetic profile of founding populations. In recent years, the potential of innovative molecular techniques has been more fully exploited by invasion biologists and intriguing insights into the dispersal of IAS have been revealed . The combination of molecular genetics coupled with network modelling provides an extremely powerful approach to investigating community interactions from predator and parasite to prey and host, and this is the subject addressed by the next paper . Indeed, DNA based approaches to detecting intra-guild predation in the field are yielding fascinating but worrying insights into a number of IAS. Invasions are heralded by evolutionary geneticists as providing unique opportunities for examining evolutionary theory which will consequently enhance the broad understanding of invasion biology.
Dispersal obviously remains a fundamental component of all invasion processes influencing the establishment and subsequent spread of an IAS. Heimpel and Asplen (2011) describe the ''Goldilocks Hypothesis'' in the context of optimizing biological strategies: intermediate dispersal distances maximize the probability of a biological control agent establishing while minimizing the potential impacts attributed to extensive spread. The importance of considering dispersal potential as part of a risk assessment process, coupled with the possibility of manipulating either the biological control agent or the landscape into which it is released is now recognized (Heimpel and Asplen 2011) .
The distribution and abundance of an IAS is affected by the landscape (so called bottom-up processes), biological attributes of the IAS (including dispersal and reproduction) and by natural enemies (so called top-down processes). The importance of these in determining the ultimate success of an IAS is widely debated. The Enemy Release Hypothesis (ERH) predicts that an alien species introduced into a new locality should experience a decrease in regulation by natural enemies which will lead to its proliferation and spread, and this is then discussed by Roy et al. (2011a) . However, at the centre of this theory is the assumption that top-down processes are critical in limiting the population growth of an IAS. Critical analysis reveals that there are as many studies refuting the ERH as there are in support of it ), but there is a distinct lack of comparative research on the regulation of IAS in both the native and invaded range (Torchin et al. 2003) . Roy et al. (2011a) highlight the relevance of statistical modelling in conjunction with innovative molecular approaches for exploring ERH.
Invertebrate IAS are widely attributed to adversely affect biodiversity (Kenis et al. 2009 ) but the direct and indirect effects are difficult to quantify (Kindlmann et al. 2011) . It is equally difficult to attribute traits as characteristic of successful invaders, indeed this has been the subject of much debate. Kindlmann et al. (2011) focus their review on the ecological effects of invasive alien insect predators that feed on pest insects, acknowledging the relevance to biological control. They conclude that evidence on the negative effects of IAS in terms of decreased abundance of native predators is scarce (Brown et al. 2011a ), acknowledging that detecting the effect of long-lived IAS on communities consisting of long-lived native predators and short-lived prey is hard to detect. The evidence of invasive alien insects exerting effects on native communities is growing and exemplified by landmark field studies in this field (Adriaens et al. 2008; Brown et al. 2011b) . However, it is clearly the case that further research on the effects of IAS, particularly invertebrates, on biodiversity is required.
An inventory of invasive arthropod predators and parasites
There has been a proliferation of theories in relation to invasion biology in recent years but these can only be examined in detail by understanding the ecology of IAS. DAISIE provides a unique resource for examining the taxonomic breadth of IAS across Europe over time (DAISIE 2009 ). Roy et al. (2011a, b) have thus scrutinized the DAISIE database for information on terrestrial arthropod predators and parasitoids. The dramatic increase in the establishment of alien arthropods across Europe is linked to the expansion of global trade and predicted to continue for decades to come and this is discussed in detail by Roy et al. (2011b) . Historically, many alien predators and parasitoids were introduced intentionally as biological control agents, but in Europe and other continents, more stringent regulations (Hunt et al. 2007 ) have reversed this trend in favour of unintentional translocations (Roy et al. 2011b) , whereby the arrival of an alien species is an accidental introduction, for example a stowaway or contaminant. It is interesting to note that many of the arthropod alien species are found in urban or synanthropic habitats which perhaps supports the theory that natural communities are more resilient to invasion (Shea and Chesson 2002) . However, it is equally possible that there is a paucity of information from natural systems, a message reflected throughout this special issue.
Concerning Hymenoptera, the Vespidae (wasps) have been documented as IAS with major ecological and societal impacts. Beggs et al. (2011) thus review the ecological effects and potential for management of invasive alien Vespidae from a global perspective. Of the 34 alien Vespidae, only seven species are considered as IAS. Interestingly, these are all eusocial species (Beggs et al. 2011 ). There are parallels in the ecology and control of both the Formicidae and Vespidae which link to attributes associated with eusociality, particularly reproductive strategies, enabling high abundance to be achieved rapidly (Beggs et al. 2011; Rabitsch 2011) . Therefore, it is perhaps not surprising that although eusocial insects globally represent only a small proportion of all insect species (about 2%), more than 24% of insect species considered to be IAS are eusocial (Beggs et al. 2011 ).
The parasitic Hymenoptera provide an interesting contrast to their eusocial counterparts. Gibbs et al. (2011) thus provide a detailed account of the invasion history of the chestnut gall wasp Dryocosmus kuriphilus (Hymenoptera: Cynipidae), and assess the use of the parasitoid wasp Torymus sinensis Kamijo (Hymenoptera: Torymidae) for control. Classical and augmentative biological control involves the release of an introduced biological control agent (predator, parasitoid or pathogen) to control an introduced pest. Both biological control strategies present an interesting paradox in invasion biology whereby the unintentional introduction of an alien pest insect is coupled with the intentional introduction of an alien control agent. Classical and augmentative biological control have been employed globally and more than 2000 species of exotic (=alien) natural enemy have been released worldwide (van Lenteren et al. 2006) resulting in the control of 165 pest species. The vast majority of biological control agents do not present ecological or societal problems and are beneficial to the economy in most of the cases . However, a small number of exotic biological control agents have been implicated in non-target unintentional effects (Wajnberg et al. 2001) . Therefore, risk assessment is considered fundamental prior to the introduction of a biological control agent (see also De Clercq et al. 2011) . Gibbs et al. (2011) apply two risk assessment methods to assess the environmental risks associated with the release of Torymus sinensis in central Europe. The risk assessment methods highlight gaps in knowledge in relation to the ecology of T. sinensis. Conversely, consideration of the risks posed by release of T. sinensis reveals gaps in the risk assessment process principally in failing to acknowledge indirect effects.
There have been few documented cases of impacts attributable to alien arachnids (Nedved et al. 2011) . Nevertheless the ecology of spiders (Araneae), harvestmen (Opiliones), and the Schizomida alien to Europe is fascinating and provides insights into pathways of introduction which are relevant across other taxa. Additionally a number of species are dramatically expanding their distribution range in Europe and the mechanisms behind this spread are described within this special issue (Nedved et al. 2011) .
Of all the predatory arthropods it is the alien Formicidae (ants) that appear to have the greatest impact on biodiversity (Rabitsch 2011) . The negative effects of alien ants extend beyond declines in biodiversity to societal impacts (Kenis et al. 2009 ) and, perhaps more importantly ecosystem processes and functions. Rabitsch (2011) , inspired by ''The Hitchhiker's Guide to the Galaxy'', presents a unique interpretation of ant invasion biology. The establishment of an alien ant species can be catastrophic and so interception is deemed to be critical but there are a number of innovative and promising control methods that could be employed to limit the threat posed by alien ants (Rabitsch 2011) , the most intriguing of which are the maternally-inherited bacterial endosymbionts such as Wolbachia. However, successful control will be dependent on an integrative approach and Rabitsch (2011) outlines a number of potential strategies for regulating alien ant populations.
Alien crustaceans have also received considerable attention, perhaps because of the devastating effects they have on native communities within their invaded range (Haenfling et al. 2011) . They are widely considered to be the most successful of all aquatic IAS and their impacts are far-reaching. Many consider the detrimental effects of an IAS on biodiversity to be unacceptable, and this is recognized in the UN Convention on Biological Diversity definition of an IAS. However, alien crustaceans not only exert negative effects on biodiversity but also alter ecosystem functioning by changing energy flux and nutrient cycling, thus impacting on critical ecosystem services such as fish yields and water quality (Haenfling et al. 2011) .
The Coccinellidae (ladybirds) are often considered as flagships for biological control (Roy et al. 2011 ). There has been a long history of releasing alien coccinellids for the control of pest insects worldwide (Evans et al. 2011b ). The 11 species of alien ladybird in Europe were all introduced as biological control agents (Roy and Migeon 2010) , but only one of these, H. axyridis is considered to be an IAS. Evans et al. (2011b) thus provide a comprehensive overview of the history of introductions of coccinellids worldwide. In addition, other alien Coleoptera are briefly considered and the authors conclude that although alien Coccinellidae have received the most research attention, many other Coleoptera have the potential to invade new regions and exert ecological effects (Evans et al. 2011b) .
From biological control to invasion: the ladybird Harmonia axyridis as a model species Harmonia axyridis (Pallas) Coleoptera: Coccinellidae) is undoubtedly responsible for the dominance of literature on invasive alien coccinellids compared to other Coleoptera. In recognition of the global interest in H. axyridis a special issue of the journal BioControl provided a comprehensive overview of research on this species (Roy and Wajnberg 2008) . The three years since this publication have seen both further spread of H. axyridis and advances in knowledge and understanding of the ecology of H. axyridis. Therefore, four papers in this current special issue focus on H. axyridis, which continues to be a model species for understanding the path from biological control agent to IAS.
The first describes the status of H. axyridis within its native range. Studies on IAS often focus on the ecology of the invader within the introduced range and the native range is neglected. This is undoubtedly the case for many alien invertebrates and is exemplified by the wealth of research on H. axyridis in the invaded range compared to the paucity of information on this species within the native range (Osawa 2011 ). Osawa (2011 provides a critical review of the ecology of H. axyridis across Asia and highlights a negative correlation between H. axyridis and diversity of the aphidophagous community. The coexistence of H. axyridis and other species is reported to depend on habitat heterogeneity.
The spread of this ladybird from Asia to four additional continents is conveyed through a timely update on the status of H. axyridis globally (Adriaens et al. 2008; Brown et al. 2008a, b; Brown et al. 2011a; Koch and Galvan 2008) . Both long-range dispersal, mainly through introduction as a biological control agent or by accidental introduction as a produce (for example, flowers and fruit) contaminant, and short-range dispersal have been important mechanisms for the spread of H. axyridis (Brown et al. 2011a) . Harmonia axyridis is documented as established in 37 countries and molecular analysis has revealed the origins of the European and South American populations (Brown et al. 2011a ).
The spectacular spread of H. axyridis has been a source of intrigue for many ecologists (Lombaert et al. 2008; Poutsma et al. 2008; Soares et al. 2008 ). Harmonia axyridis is considered to be one of the fastest spreading alien insects in Europe (Majerus et al. 2006) . Evidence suggests that a number of key attributes of H. axyridis are associated with invasion success. Harmonia axyridis possesses chemical defences which are effective against predation and parasitism by a number of other species, providing an additional advantage to this IAS, as explained by Sloggett et al. (2011) . Intra-guild predation is prevalent amongst generalist natural enemies and H. axyridis is a particularly effective intra-guild predator Burgio et al. 2008; Ingels and De Clercq 2011; Pell et al. 2008; Ware and Majerus 2008) but less commonly an intra-guild prey . Indeed, potential control strategies for H. axyridis are limited (Kenis et al. 2008; Koyama and Majerus 2008; but infochemicals (attractants and repellents) show promise in this regard .
The enemy release hypothesis (ERH) could explain the rapid spread of IAS such as H. axyridis . In recent years much has been revealed about the interactions between H. axyridis and coccinellid natural enemies, particularly parasites and pathogens, found within the introduced range (Roy et al. 2011c ). However, empirical evidence in support of enemy release is lacking. Roy et al. (2011c) highlight the importance of research, within a life-table framework, comparing life history traits of H. axyridis in both the native and introduced ranges.
Economic and ecological benefits of alien arthropods
Much of the focus of this special issue has been on the potential of arthropod predators and parasitoids to become IAS. However, it should not be forgotten that the use of alien arthropods in classical and augmentative biological control programmes can yield economic and ecological benefits. The concluding contribution to this special issue thus explores the benefits and risks of exotic biological control agents in detail . The need for further research to counter the paucity of information on alien arthropods is a prevailing message throughout this special issue. Addressing the gaps in ecological knowledge is particularly important to enable objective and thorough risk assessments to be undertaken . Understanding invasion biology, and the dynamics of biological control practices, requires a multidisciplinary approach, embracing and integrating all the research tools at our disposal, particularly modern molecular and modelling techniques. IAS are a global problem and a unified approach is eminently the most prudent way forward. The collaborative papers within this special issue highlight the tremendous benefits of scientists working together to further understanding of the ecology of IAS but also, ultimately, to assist in the development of strategic approaches to address the problems they pose. Nature Conservation Committee (JNCC). HER also receives funding from the Department for Environment, Food and Rural Affairs (Defra) for work on the GB Non-Native Species Information Portal.
